We generate ultrafast magneto-photocurrents in bulk GaAs and non-invasively separate surface and bulk contributions to the overall current. This method enables the investigation of processes such as anisotropic-distribution relaxation and the inverse Spin Hall effect. Introduction -All-optically induced currents constitute a powerful tool for the study of carrier and spin dynamics in semiconductors [1, 2] . Such currents require low crystal symmetry of semiconductors [3] or asymmetries at the semiconductor surface [4] . External magnetic fields cause further symmetry reduction, leading to additional currents, referred to as magneto-photocurrents (MC) [5] [6] [7] . In particular the investigation of MC resulting from surface effects shows great promise since such currents are linked to relaxation of the anisotropy of a carrier distribution [6] and the inverse Spin Hall effect [5] . Yet, additional contributions to MC resulting from bulk symmetry effects may exist [7] and have to be eliminated prior to studying the aforementioned effects. Here we demonstrate the separation of surface and bulk contributions to MC in (001)-oriented bulk GaAs.
Introduction -All-optically induced currents constitute a powerful tool for the study of carrier and spin dynamics in semiconductors [1, 2] . Such currents require low crystal symmetry of semiconductors [3] or asymmetries at the semiconductor surface [4] . External magnetic fields cause further symmetry reduction, leading to additional currents, referred to as magneto-photocurrents (MC) [5] [6] [7] . In particular the investigation of MC resulting from surface effects shows great promise since such currents are linked to relaxation of the anisotropy of a carrier distribution [6] and the inverse Spin Hall effect [5] . Yet, additional contributions to MC resulting from bulk symmetry effects may exist [7] and have to be eliminated prior to studying the aforementioned effects. Here we demonstrate the separation of surface and bulk contributions to MC in (001)-oriented bulk GaAs.
We first present a phenomenological description of MC. Surface symmetries belong to the point group C ∞ , while the bulk symmetry of GaAs belongs to the point group T d . 
Here, the electrical field components of the optical beam are denoted by E and cc denotes complex conjugate. Equation (1) contains four tensors elements: and are elements linked to surface and bulk effects, respectively, while their subscripts l and c further separate contributions occurring for linearly-and circularly-polarized optical excitation, respectively. It follows from Eq. (1), that MC resulting from surface symmetries are independent of a sample rotation by 90 degrees, while bulk contributions change their sign. Therefore, the summation (subtraction) of currents along the x and y directions directly provides the surface (bulk) contribution.
Experimental setup -Previous investigations of MC used time integrated measurement schemes in which the currents were detected via charge accumulation at electrodes [5] [6] [7] . In contrast, we use 150 fs long laser pulses to induce MC in a ( )-oriented GaAs bulk crystal. The experimental setup is shown in Fig. 1(a) . The MC simultaneously emit THz radiation which is detected using electro-optic sampling. This allows us to gain access to the temporal dynamics of MC. Since the detection technique is contactless our measurements are non-invasive.
Experimental results -In Fig. 2 (a) are shown the electric THz fields emitted from MC along x-and y-directions for excitation with linearly-polarized light with 1.57 eV photon energy (LMC). Nearly identical THz traces indicate that LMC are mainly resulting from surface effects (SLMC) while LMC resulting from bulk effects (BLMC) are negligible. The corresponding THz traces for SLMC and BLMC extracted using Eq. (1) are plotted in Fig. 2(b) . A different behavior is observed for MC excited with circularly polarized light (CMC). THz traces from CMC along x-and y-direction differ in amplitude and sign (see Fig. 2(c) ) leading to non-zero surface (SCMC) and bulk (BCMC) contributions as shown in Fig. 2(d) . While the SLMC have previously been linked to the relaxation of an anisotropic carrier distribution (this distribution rotates in the magnetic field and scatters asymmetrically leading to a current response [6] ), the SCMC can be explained in terms of the inverse Spin Hall effect [5] . It should be emphasized that without proper separation of surface and bulk contributions, the assignment of a microscopic origin to the measured current is not possible. Being able to separate surface and bulk contributions to the MC we can now discuss their spectral dependence. As shown in Fig. 2(e-h) the different MC have a significantly different dependence on photon energies. The intensity plots were constructed from measurements of electric THz fields as shown in Fig. 2(a-d) with a step width of approximately 5 meV. (The spectral width of the laser pulses was 5 meV, as well.) Fig. 2(e) shows that the SLMC already exist at the band gap (1.42 eV). Their amplitude is increasing till it reaches a plateau ranging from 1.44 eV to 1.46 eV. The amplitude then decreases till it starts increasing again at 1.48 eV. The spectral dependence of the SCMC is quite different. A pronounced peak occurs right at the band edge. This peak vanishes at approximately 1.47 eV. At this photon energy a phase jump of the emitted THz traces appears, indicated by a bending of the contour lines. The extracted BLMC is only slightly above the noise level and a qualitative explanation of the behavior is not possible. The BCMC has a spectral dependence being very similar to the dependence of the SLMC.
Discussion and conclusions -Comparisons with previous experimental studies of MC are difficult, mainly because of different experimental techniques (time integrated current measurements versus time-resolved THz measurements). Moreover and even more important, it is not clear to which extent surface and bulk contributions have been separated in previous studies. Still, existing theoretical work is useful for the analysis of our results. The oscillating-like dependence of the SLMC and BCMC amplitudes on photon energy might be caused by a superposition of heavy-and light-hole transitions and a decay of the current components mainly due to phonon scattering [4, 6] . It is also likely that the temporal dynamics of the SLMC and BCMC, which we have not commented on, show effects resulting from the dispersion of the corresponding tensor elements at the bandgap. The behavior of the SCMC might be the result of different microscopic mechanisms contributing to the current dynamics (one of which is likely to be the inverse Spin Hall effect). Yet, in order to fully understand the microscopic mechanisms and the related temporal dynamics of MC further theoretical and experiments studies are necessary.
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